Single sweat droplets were collected from a mineral oil-covered finger surface ( fig. 1 ). Rate of sweat production (sweat rate) per gland per hour was calculated. Using microtechniques, the concentrations of electrolytes and metabolites, osmolarity, pH, and viscosity were determined in undiluted pooled sweat. The following results were obtained:
Introduction
The demonstration of abnormally high concentrations of sodium and chloride in sweat of patients with cystic fibrosis of the pancreas has provoked several attempts to elucidate the cause of the defect [50] . This defect has been localized by some investigators in the coil [22, 23, 58, 59, 60] , and by others in the excretory duct of the sweat gland [11, 46, 61, 64] . SCHULZ et al. [52, 53] have shown, by micropuncture technique, that in healthy persons an isotonic precursor fluid is formed in the coil. Sodium reabsorption in the excretory duct has been found to be responsible for the formation of hypotonic sweat [52, 53] . To obtain information on the basic nature of the defect of sweat formation in cystic fibrosis of the pancreas, the excretion of electrolytes and metabolites in relation to rate of sweat production (sweat rate) was investigated. Evidence pointing to a defect in sodium reabsorption in the excretory duct was obtained. Methods which permit the analysis of undiluted sweat were used [15] . This technique allows measurement of sweat rate per gland. Anaerobic sweat collection under mineral oil has been used previously by BRUSILOW [4, 5] and by SLEGERS [62] .
Methods Subjects
Two groups were studied: patients with cystic fibrosis of the pancreas (CFP) and control subjects (CS).
Sweat collection
After careful cleaning and drying of the skin, the subject's hand was fixed in a molded plaster cast and completely covered with mineral oil ( fig. 1 A) . Using oblique illumination and a stereomicroscope, the sweat droplets which appeared singly at the openings of the excretory ducts on the extensor surface of the fingers could be easily seen and counted (fig. IB). As soon as droplets reached a reasonable size, just prior to fusion, they were aspirated using a siliconized glass capillary filled, with mineral oil. Depending on sweat rate, between 60-250 droplets were collected as one sample, containing 5-10 /A. The pooled sweat was blown into a mineral oil-filled cavity on a glass microscope slide. This method avoids air contact, evaporation, or contamination of the sample. The sample volume was measured using calibrated capillary pipettes [40] . The mean sweat rate/gland/hour was calculated from the volume of the sample divided by the number of aspirated droplets, which corresponded to the number of glands active during the sampling period. The sampling period was the time interval between the immersion of the hand under mineral oil and the middle of the collecting period.
Sweat Stimulation
Stimulation was initiated prior to washing and immersion of the hand; in this way, sweat rate was relatively constant. Minimal rates were obtained at room temperature without stimulation. Consumption of hot tea produced slightly higher rates. Medium rates were provoked by application of infrared heating locally or to the whole body. Peak rates were achieved by pilocarpine iontophoresis [21] . The experiments were performed on boys, aged 6-12 years, in the morning during the summer. The number of control subjects (CS) and patients (CFP) varied in the different examinations as indicated in the tables and figures.
Chemical Methods
In the text which follows, the volumes used for analysis are given in parentheses. Sodium (1.0 /A), potassium (2.0 /A), and calcium (2.5 /A) were measured by flame photometry using an Eppendorf photometer. Chloride (0.3 /A) was assayed by microelectrotitration according to the method of RAMSAY, BROWN and CROGHAN [44] , using a modified Beckman microtitrator model 153 [19] . Osmolarity was measured by microcryoscopy [43] . Urea (0.5 /J\) was determined using the DAM-PAA method [3] . Lactic acid (1.0 ^1) was assayed by a micromodification of the enzymatic method of GERCKEN [20] . Creatinine (5.0 //I) assays were performed by the method of SLOT [66] . Glucose (4.0 fil) was measured enzymatically using a micromodification of the glucose oxidase method of RICHTE-RICH and COLOMBO [45] . A miniaturized Ostwald flow viscosimeter was used for the determination of viscosity (4.8 /A). Calibration was performed by the use of standard solutions. The pH (1.0 /A) was assayed, using a quinhydron electrode as described previously [16] .
Design and Statistical Analysis of the Experiments
The purpose of this study was to obtain reliable information on the kinetics of the excretion of several components of sweat. The kinetic studies required analysis of multiple samples from single individuals at different sweat rates with short sampling periods. For this reason, it was not feasible to pair control and patient samples. When enough observations in both groups were made over a defined range of sweat rates, mean values were statistically compared, using Student's t-test [47] . Such comparisons were made for lactic acid, urea, creatinine, and glucose.
The medium curves for sodium and chloride concentration were derived by the following method [15] . Straight lines were obtained if the logarithms of the difference between the sodium concentration of primary sweat (147 mEq/1) [53] and the sodium concentration in final sweat were plotted against different sweat rates ( fig. 3 ). From these regressions, the mean curves in figures 2 and 3 were calculated. The method of construction of the hyperbolic curves (lactic acid, urea, calcium, and potassium) has been described previously [15] . A.E.
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Results

Sweat Rate
Following three different types of stimulation, no significant difference in sweat rate was observed between CS and CFP (table I). In children before puberty, the sweat rate per gland following pilocarpiniontophoresis was lower than the rate of adults under the same circumstances. LOBECK and MCSHERRY [33] have made the same observation using different techniques.
Sodium
In ten CS, there was a rise from very low values (10-20 mEq/1) with increasing sweat rate. In nine CFP, the lowest values were approximately 70-90 mEq/1, and the curve approaches isotonicity (figs. 2 and 3).
Sodium concentrations of 60-190 mEq/1 have been reported in sweat of patients with cystic fibrosis of the pancreas [50] . We have never encountered concentrations above isotonicity (145 mEq/1). Methodological differences are probably responsible for this discrepancy. As pointed out by DOBSON [14] , all errors in commonly used methods for sweat analysis [13, 21] tend to produce positive errors: evaporation from skin surface, contamination of filter paper discs, and the use of sodium containing filter paper. A more important systematic error is introduced by a failure to recognize the effect of sweat rate on sodium concentra- 
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100 500 tion; sodium concentration increases significantly with increasing rate of sweating [10, 15, 33] . If this effect of sweat rate is considered, the biological variability decreases and amounts to ±15 mEq/1 (maximal dispersion of values) at all sweat rates in both control subjects and patients with cystic fibrosis of the pancreas.
Chloride
Chloride values behaved like those of sodium but were consistently lower. In CFP, at high sweat rates, the chloride curve approached a value of about 120 mEq/1. For practical purposes, the highest chloride concentrations in sweat corresponds to plasma concentrations when a correction is made for the Donnan equilibrium ( fig.2 ).
Potassium
The concentration of potassium decreased with an increasing sweat rate. In seven CS, the potassium concentration approached a value of 10 mEq/1. In two of eight CFP (H.K. and I.P.), the potassium concentration was within normal range; in the remaining six patients, it was definitely elevated ( fig. 4) .
Di SANT'AGNESE [50] reported elevated concentrations of potassium in sweat of patients with cystic fibrosis of the pancreas. As observed by several investigators [32] and demonstrated in our study, this finding is not as constant as is the elevated concentration of sodium.
RICHTERICH and FRIOLET [46] attempted to explain the increased concentration of potassium in sweat of patients with cystic fibrosis of the pancreas by postulating a transport mechanism in the excretory duct involving proximal sodium reabsorption and distal sodium-potassium exchange. Assuming a defect in proximal sodium reabsorption, more sodium will be presented for the distal exchange mechanism. SLEGERS [65] has recently elaborated this hypothesis by using a mathematical approach. Further evidence for the existence of a sodium-potassium exchange was obtained from experiments with aldosterone. In normals, as well as in patients with cystic fibrosis of the pancreas, aldosterone causes a decrease in concentration of sweat sodium accompanied by an increase in concentration of potassium [18, 24, 25, 51] .
Calcium
Calcium concentration dropped rapidly with increasing sweat rate from above 10 to 1-2 mEq/1. At high rates, the calcium concentration appeared to be higher in sweat from CFP than in sweat from CS. The number of determinations was not sufficient for statistical treatment (two patients, five control subjects) (see fig. 5 ).
Our observations are generally in agreement with findings of other investigators [49] . Profuse sweating leads to lower concentrations of calcium than does minimal sweating [41] . At low sweat rates, calcium concentration in our experiments was considerably higher than that observed by other authors [49] . This was probably due to an improved sampling method. The observations regarding sweat of patients with cystic fibrosis of the pancreas are similar to findings in the parotid saliva fluid [39] , but not in submaxillary saliva [12] .
Lactic Acid
Lactic acid was more concentrated at low sweat rates and decreased hyperbolically with increasing rates. Figure 6 shows data from two CFP and three CS. At sweat rates from 0-150 nl/gland/h, the values in CFP were significantly lower than those in CS (p <0.03). Since there were few determinations in CS, no definite conclusion can be derived from this observation. The 10-to 20-fold increase in concentration of lactic acid in sweat, compared with that of plasma, excludes an origin of this metabolite from blood [2] . Measurements of anaerobic glycolysis of isolated sweat glands [52] and of the lactate: pyruvate ratios [17] suggest that lactic acid is formed in gland cells. Since concentration of lactic acid is comparable in CS and in CFP, a defect in the glycolytic potential of the sweat glands of CFP seems unlikely. 
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Urea
Concentration of urea was high at low sweat rates and decreased hyperbolically with increasing sweat rate. At sweat rates between 0 and 100 nl/gland/h, the ratio of sweat: plasma concentration was significantly lower in four CFP than in four CS (p < 0.005); again, no definite conclusion can be derived because of the limited number of observations ( fig. 6 ). Urea was consistently more concentrated in sweat than in plasma, and the sweat:plasma ratio approached 1.0 with increasing sweat rates.
Other investigators [1, 9, 36] have also observed a decrease of urea concentration with increasing sweat rate. Contradictory observations [29, 56, 63] may be explained by the fact that the investigators used filter paper [56, 63] or a wash-down technique [29] , neither of which permits sampling at very low sweat rates.
Of the several mechanisms which have been proposed to explain the pattern of urea excretion [6, 7, 8, 9, 29] , concentration of urea by water reabsorption in the excretory duct [15, 56, 63, 68] is the most consistent with our experimental observations. Because of the osmotic difference between the hypotonic sweat and the isotonic interstitial fluid, water diffuses from the excretory duct into the interstitial space. The kinetics of urea concentration are consistent with the assumption that water reabsorption is limited and approaches a finite value determined by permeability and osmotic differences between sweat and interstitial space. Thus, the water reabsorption rate will be inversely proportional to the sweat rate. This hypothesis [15] is supported by the following experimental observations:
1. Urea concentration was related inversely to sweat rate ( fig. 6 ) as might be expected if water reabsorption were limited and back diffusion of urea were negligible.
2. Urea concentration was always higher in sweat than in plasma ( fig. 6 ). Even when urea concentration in plasma is increased by a urea load, the sweat: plasma ratio remains the same [29, 35, 56, 63, 69] .
3. When high sweat osmolarity is induced by local injection of ouabain, the sweat: plasma urea ratio decreases more rapidly [15] .
4. The same effect was observed in CFP in whom an abnormally high sweat osmolarity occurs spontaneously ( fig. 8) .
These arguments may justify the use of relative urea concentration in sweat as an index for water reabsorption in the excretory duct. Since this hypothesis has been disputed [7, 8, 29] , it would be valuable to study other substances which might be used as markers of water movement within the gland.
Creatinine
Concentration of creatinine in sweat decreased at increasing sweat rates. There were no significant differences between the results from two CS and from two CFP (p <0.25). In contrast to urea, only at very low sweat rates was creatinine concentration higher in sweat than in plasma ( fig. 7) . These results are in agreement with observations of others [13, 30, 49] . It is probable that because we studied much lower sweat rates than did other investigators, we also observed ratios of sweat: plasma concentration higher than 1.0. The difference between the patterns for creatinine and for urea may be due to any or all of the following: secretion of creatinine in sweat at concentrations lower than those that exist in plasma; nonionic diffusion (and trapping in acid sweat); water reabsorption.
Glucose
Concentration of glucose in sweat was between 0.2 and 6.0 mg/100 ml and was independent of sweat rate. There was no significant difference between six CS and five CFP (p < 0.20). Local injection of phloridzin (15 mg/100 ml) did not affect glucose excretion ( fig. 7 ).
Other investigators, using either reducing methods [28] or paper chromatography [13] for glucose administration obtained contradictory results. The independence of glucose concentration from sweat rate was first noted by LOBITZ and OSTERBERG [34] . In this regard, glucose differs from all other components in sweat. As glucose concentration in sweat is not elevated by intradermal injection of phloridzin, active glucose reabsorption in excretory ducts as in the kidney [67] seems unlikely. It is likely that the low concentration of glucose in sweat reflects passive diffusion of glucose into the duct lumen.
Osmolarity
In four CS, it was observed that osmolarity, when plotted as a function of sweat rate, dropped from about 240 to about 120 mOsmol/1, and then rose again (mean: 163 mOsmol/1). In four CFP, the curve was similar in shape but remained within the isotonic range (mean: 299 mOsmol/1) ( fig.8) . Since osmolarity is a function of dissolved particles, one must explain the shape of the osmolarity curves by examining the varying concentrations of osmotically active substances. Our experiments permit classification of the excreted substances into three categories: (1) those substances, the concentration of which increases with sweat rate (sodium and chloride); (2) those substances, the concentration of which falls with increasing sweat rate (potassium, calcium, lactic acid, urea, and creatinine) ; and (3) those substances, the concentration of which bears no relation to sweat rate (glucose). The algebraic sum of the mean of each of these concentrations for CFP and for CS generates a curve which corresponds in shape remarkably well to the observed points of osmolarity. In CFP, osmolarity can be ex- plained by the concentrations of the components analyzed. In CS, there exists a difference of about 40 mOsmol/1 between the calculated curve and the measured points. This difference is unexplained, but may reflect either technical problems in analysis or physiological variations as yet unidentified.
pH
In five CS and in five CFP, pH was low at low sweat rates (pH 3.5-6.0) and slightly alkaline at high rates (pH 7.0-8.5) [37, 38] (fig. 9 ). This observation may be explained by the lower concentration of lactic acid and, therefore, the lower buffer capacity at high sweat rates. The change in pH of sweat occurred at about the same sweat rate (150 nl/gland/h) at which lactic acid con- Sweat composition in relation to rate of sweating in patients with cystic fibrosis of the pancreas 475 ( fig.6 ). If sweat is first equilibrated with a partial pressure of 40 mm Hg CO 2 , sweat is consistently acid [16] .
The alkaline pH at high sweat rates can therefore be explained by a loss of CO 2 . This has been demonstrated by application of the Henderson Hasselbalch equation [16] . Abnormal bicarbonate concentration in sweat of patients with cystic fibrosis of the pancreas seems improbable since pH in sweat of these patients is the same as that of normal individuals.
HERRMANN and MANDOL [26] concluded that pharmacological stimulation leads to a production of alkaline sweat and thermic stimulation to production of an acid sweat. But more recent observations [16] agree with those of HEUSS [27] and of MARCHIONINI [37, 38] -, who found that pH is a function of sweat rate and that maximal thermal stimulation also yields an alkaline sweat.
Viscosity
Viscosity of sweat at 30° was between 0.9 and 1.2 cP and was independent of sweat rate. In five CFP, the mean value was significantly higher than that in 8 CS (p < 0.001). Since viscosity of an aqueous solution increases with salt concentration, values for sweat from patients with cystic fibrosis of the pancreas should be corrected for high salt concentrations. A difference in concentration of 120 mEq/1 (Na + + K+) corresponds to about 0.03 cP ( fig. 10 ). If this factor is considered, sweat viscosity of CFP is not significantly different from that of CS (p <0.1).
Viscosity of sweat in CS and in CFP is about 0.1 cP higher than is the viscosity of a salt solution of 120 mEq/1 ( fig. 10 ). This discrepancy may be explained by the presence of mucoproteins which are known to be present in sweat [42, 57] . The minimal difference between sweat from CS and from CFP can reasonably be explained by the marked differences in salt concentration.
Discussion
High concentrations of sodium and chloride in sweat of patients with cystic fibrosis of the pancreas can be explained by four different hypotheses [23] .
Increased Sweat Rate of Single Glands
Since concentrations of sodium and chloride in sweat increase with increasing sweat rate [10, 15, 31, 55] , high concentrations could be explained by an abnormal population of sweat glands characterized by an abnormally high flow rate (hypersecretion hypothesis) [48] . According to our results (table I), there is no significant difference in sweat rate between CS and CFP.
Hypertonic Concentration of Sodium and Chloride in the Precursor Fluid
That concentrations of sodium and chloride approach isotonicity at high flow rates in CFP (figs. 2 and 3) suggests that an isotonic precursor fluid is formed in the coil. This conclusion is in agreement with recent findings of SCHULZ [54] , who used a technique involving micropuncture of the coil.
Increased Rate of Water Reabsorption in the Excretory Duct
If relative urea concentration is used as an index for water reabsorption, a rate can be estimated using the clearance principle [15] . In healthy adults, water reabsorption thus calculated is 90 nl/gland/h [15] ; in healthy children, 70 nl/gland/h; and in patients with cystic fibrosis of the pancreas, 35 nl/gland/h. These results negate the assumption of an increased water reabsorption. This conclusion is supported by the observation that concentrations of lactic acid, creatinine, and glucose are no higher in sweat of CFP than they are in sweat of CS.
Defective Sodium Reabsorption in the Excretory Duct
Since the difference in sweat composition in CS and CFP is quantitative rather than qualitative, an attempt was made to calculate the net sodium reabsorption rate in both groups. Net sodium reabsorption corresponds to the differences between primary sodium secretion rate (line A in fig. 11 ) and the rate of sodium excretion (line B in fig. 11 ). The primary sodium excretion rate is the product of sodium concentration in the coil and primary flow rate. SCHULZ etal. [52, 53, 54] , have shown that sodium concentration in the coil amounts to about 147 mEq/1. The primary flow rate is the sum of the rates of sweat and water reabsorption calculated from the urea data [15] . Net sodium reabsorption corresponds to the vertical distance between lines A and B ( fig. 11 ). In CFP, the net sodium reabsorption in the excretory duct is 50-75 % lower than it is in CS. In CS, net sodium reabsorption increased with increasing sweat rate, whereas in CFP, a maximal value of about 10 X 10~6 mEq/1/gland/h is approached.
A defect in sodium reabsorption in the excretory duct is compatible with the excretory pattern of the main sweat components and explains the abnormal behavior of sodium, chloride, potassium, osmolarity, and viscosity in the sweat of patients with cystic fibrosis of the pancreas.
Summary
The excretory patterns of electrolytes and metabolites in sweat and the relations between these variables and rates of sweat production have been analyzed in pa-tients with cystic fibrosis of the pancreas and in normal subjects. Components in sweat appear to segregate into three groups: (1) those, the concentration of which increases with an increasing rate of sweating (sodium and chloride); (2) those, the concentration of which falls with increasing rate of sweating (potassium, calcium, lactic acid, urea, and creatinine); and (3) those, the concentration of which is independent of the rate of sweating (glucose).
The course of the sodium and the chloride curves, as well as osmolarity values, favors the assumption that the osmolar concentration of primary sweat is in the isotonic range in cystic fibrosis of the pancreas. Sodium reabsorption in the excretory duct seems to be defective in this disease.
